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1. Introduction
Winter wheat (Triticum aestivum L.) is an economically im-
portant crop in the United States and the world. In 2009, total 
winter wheat production in the U.S. was 4.2 × 107 t, of which 
the Great Plains states of Colorado, Kansas, Montana, Ne-
braska, Oklahoma and Texas produced approximately 50% 
(NASS, 2009). Foliar diseases of winter wheat often occur at ec-
onomically damaging levels in the central Great Plains of the 
U.S. These diseases include tan spot [Pyrenophora tritici-repen-
tis (Died.) Drechsler] (anamorph: Drechslera tritici-repentis), spot 
blotch [Cochliobolus sativus (S. Ito & Kurib.) Drechsler ex Dastur] 
(anamorph: Bipolaris sorokiniana), Septoria tritici blotch [Myco-
sphaerella graminicola (Fuckel) J. Schröt.] (anamorph: Septoria trit-
ici), powdery mildew [Blumeria graminis (DC.) Speer f. sp. trit-
ici emend. É.J. Marchal], leaf rust (Puccinia triticina Erikss.), and 
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Abstract
Fungicides are commonly applied to control foliar fungal diseases of winter wheat in the central Great Plains of the 
United States and often are routinely recommended. However, economic benefits from fungicide application in winter 
wheat have rarely been quantified in this region. A total of eight field experiments were conducted in 2006 and 2007 in 
Nebraska, USA to quantify yield increases from fungicide applications to control foliar fungal diseases in winter wheat. 
Experiments were conducted at the same four locations (Mead, Clay Center, North Platte and Sidney) in both years. 
The fungicides used were azoxystrobin + propiconazole, pyraclostrobin, propiconazole, azoxystrobin and trifloxys-
trobin + propiconazole applied at varying rates and growth stages. Average wheat prices were calculated from data pro-
vided by the United States Department of Agriculture (USDA) Agricultural Marketing Service. Average fungicide and 
fungicide application costs were obtained through surveys of local retailers, chemical manufacturers and commercial ap-
plicators. These prices and costs were used to calculate net returns from fungicide treatments. The probability of a pos-
itive net return was 0.60, 1.00 and 0.80 in 2006 (dry, low disease severity), 2007 (wet, moderate to high disease severity) 
and both years combined, respectively. Net returns ranged from $−101 ha−1 to $172 ha−1 in 2006 and from $60 ha−1 to 
$294 ha−1 in 2007. Net returns were at least two times the total cost ($2 return on $1 investment) in 4 out of 60 or 6.7% of 
treatments in 2006 and 51 out of 60 or 85% of treatments in 2007. In 2006, the best net returns occurred at Mead and Clay 
Center and resulted from the treatments 1) azoxystrobin + propiconazole applied at Zadoks growth stage (GS) 31 (first 
node detectable) at a rate of 0.58 l ha−1 and 2) azoxystrobin + propiconazole applied at GS 31 at a rate of 0.58 l ha−1 and 
again at GS 37 (flag leaf just visible) at the same rate. In 2007, the treatments that resulted in the best net returns were 1) 
azoxystrobin + propiconazole applied at GS 39 (ligule/collar of flag leaf just visible) at a rate of 1.02 l ha−1, 2) pyraclos-
trobin applied at GS 39 at a rate of 0.66 l ha−1, 3) propiconazole applied at GS 39 at a rate of 0.29 l ha−1, and 4) trifloxys-
trobin + propiconazole applied at GS 39 at a rate of 0.73 l ha−1. For the same fungicide applied at the same rate at GS 31 
and GS 39 in 2007 (wet, moderate to high disease severity), the GS 39 application generally resulted in a higher net return 
than the GS 31 application. Averaged across treatments and locations, net returns were $6 ha−1 and $183 ha−1 in 2006 and 
2007, respectively. The results from this study indicate that foliar fungicide application to winter wheat can be profitable 
in years with moderate to high disease severity; however, net loss can result if fungicides are applied in years with low 
disease severity.
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stripe rust (Puccinia striiformis Westend. f. sp. tritici Erikss.). Sig-
nificant yield losses have been reported to be caused by these 
and other diseases worldwide (Rees et al., 1982; Bockus et al., 
2001; Duveiller et al., 2007; Wegulo et al., 2009).
Since the development of systemic fungicides in the late 
1960s, the use of fungicides in crop production has increased 
over the years as has the development of new chemistries 
(Hewitt, 1998). The benefits of fungicide usage in crop produc-
tion have long been acknowledged. Ordish and Dufour (1969) 
noted that spraying fungicides to control crop diseases is very 
popular and worthwhile because often it gives returns three 
times the cost involved. In the United Kingdom, experiments 
conducted from 1978 to 1982 showed that applying fungicides to 
winter wheat resulted in a yield response of up to 89%, and the 
value of the increased yield from fungicide application to cereals 
in 1982 was nearly double the fungicide costs (Cook and King, 
1984). In Denmark, fungicide application to control powdery 
mildew and Septoria diseases resulted in yield increases of 400–
2700 kg ha−1 with margin over cost varying from −500 kg ha−1 
to 2000 kg ha−1 (Jørgensen et al., 2000). An economic evaluation 
of fungicide use in winter wheat in Sweden showed a mean net 
return of US$28 ha−1 during the period 1995–2007 and $16 ha−1 
during the period 1983–2007 (Wiik and Rosenqvist, 2010).
In the U.S., various studies have demonstrated yield in-
creases in winter wheat due to fungicide application. Wegulo 
et al. (2009) showed that up to 42% yield loss was prevented by 
applying foliar fungicides to winter wheat in Nebraska. In Kan-
sas, Kelley (2001) found that over a period of six years, the fun-
gicide propiconazole significantly increased winter wheat yield 
77% of the time. Vamshidhar et al. (1998), also in Kansas, dem-
onstrated significant yield increases from fungicide application 
to control the disease complex of leaf rust, tan spot, and Septoria 
tritici blotch in winter wheat. They found that cultivar specific 
economic benefits were associated with improved wheat qual-
ity from fungicide treatment. In North Dakota, Ransom and Mc-
Mullen (2008) showed that within an environment and averaged 
across winter wheat cultivars, fungicides improved yields by 
5.5–44.0%. In Arkansas, tebuconazole applied at Zadoks growth 
stage (GS) 37 (Zadoks et al., 1974) and propiconazole applied at 
GS 37 followed by triadimefon + mancozeb at GS 55 to control 
leaf rust and Septoria tritici blotch consistently resulted in the 
lowest disease severities and highest yields (Milus, 1994).
In Nebraska, the prevalence, incidence and severity of tan 
spot and other residue-borne diseases such as spot blotch and 
Septoria tritici blotch have increased over the last several de-
cades due to a shift toward conservation tillage practices that 
leave crop debris on the soil surface (Watkins and Boosalis, 
1994). The damage caused by these and other foliar fungal dis-
eases has promoted the use fungicides in winter wheat produc-
tion in the central Great Plains. However, the economic returns 
from fungicide application in winter wheat have rarely been 
quantified in this region. Knowledge of the returns to expect 
from applying fungicides to winter wheat can enable produc-
ers to make informed disease management decisions. The objec-
tive of this research was to quantify the economic returns from 
applying fungicides to control foliar fungal diseases in winter 
wheat.
2. Materials and methods
2.1. 2006 Field experiments
In autumn 2005, seed of winter wheat cv. Millennium was 
planted with a small plot drill at the University of Nebraska’s 
Agricultural Research and Development Center (ARDC) near 
Mead (9 Oct), the South Central Agricultural Laboratory (SCAL) 
near Clay Center (22 Sep), the West Central Research and Ex-
tension Center (WCREC) near North Platte (21 Sep) and the 
High Plains Agricultural Laboratory (HPAL) near Sidney (6 
Sep) (Figure 1). This cultivar was chosen because it has excel-
lent resistance to leaf rust (P. triticina) and stem rust (P. graminis 
f. sp. tritici) (Baenziger et al., 2001). Hence, confounding effects 
Figure 1.  Map of Nebraka, USA (not to scale) showing the locations where field experiments were conducted in 2006 and 2007 to assess the eco-
nomic returns from applying fungicides to control foliar fungal diseases in winter wheat cv. Millennium.
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from these diseases were minimized (Wegulo et al., 2009). Stan-
dard agronomic practices for wheat production were followed 
at each location. Seeding rate was 98, 84, 72 and 50 kg ha−1 at 
Mead, Clay Center, North Platte and Sidney, respectively. Row 
spacing was 25.4 cm and plot size was 1.8 m × 4.6 m at Mead, 
1.2 m × 8.2 m at Clay Center and Sidney and 2.1 m × 4.6 m at 
North Platte. At each location, the plots were located within 
larger fields planted with cv. Millennium and measuring at least 
2 ha in size. To generate different levels of disease intensity (We-
gulo et al., 2009), five fungicides were each applied at GS 31 (first 
node on the stem detectable), GS 37 (flag leaf just visible) or GS 
31 and GS 37 (Table 1). The fungicides were azoxystrobin (ac-
tive ingredient comprising 7.0% of marketed product) + propi-
conazole (11.7%) (Quilt, Syngenta Crop Protection, Greensboro, 
NC), pyraclostrobin (23.6%) (Headline, BASF Ag Products, Re-
search Triangle Park, NC), propiconazole (41.8%) (Tilt, Syn-
genta Crop Protection, Greensboro, NC), azoxystrobin (22.9%) 
(Quadris, Syngenta Crop Protection, Greensboro, NC) and tri-
floxystrobin (11.4%) + propiconazole (11.4%) (Stratego, Bayer 
CropScience, Research Triangle Park, NC). Treatments were ar-
ranged in randomized complete blocks with four replications.
Due to minimum or no-tillage practices and inclusion of win-
ter wheat in crop rotation schemes, primary inoculum of P. trit-
ici-repentis was provided naturally at all locations from pseudo-
thecia on wheat straw from previous wheat crops. Inoculum of 
other fungal foliar pathogens such as M. graminicola, B. graminis 
f. sp. tritici, and P. triticina also occurred naturally. Plots were in-
oculated with conidia of B. sorokiniana on 2 May at Mead and 
Clay Center and on 5 May at Sidney and North Platte. Conidia 
were obtained by culturing mycelia from a single spore isolate 
of B. sorokiniana on V8 agar media in 9-cm-diameter Petri plates 
at 20 °C for 7–14 days in continuous darkness. Sterile distilled 
water was added to each Petri plate and conidia were dislodged 
with a rubber policeman. The conidial/mycelial suspension that 
resulted was filtered through several layers of cheese cloth to 
obtain the conidial suspension. Conidial concentration was de-
termined with a haemacytometer.
At GS 31, 30 mL of inoculum containing 70,000 co-
nidia ml−1 m−2 were sprayed onto wheat leaves in each plot with 
a hand-pumped back pack sprayer. Fungicide treatments were 
applied 24 h after inoculation at each location. Fungicides were 
applied with a CO2-powered back pack sprayer set at 276 kPa, 
with a 1.2-m-wide boom and 4 Teejet # 800-1VS nozzles spaced 
0.3 m apart. Tan spot and spot blotch severities (%) were visu-
ally estimated together on the flag leaf of thirty randomly se-
lected plants per plot at growth stage GS 55 (50% of inflores-
cence emerged) at Sidney and GS 60 (beginning of anthesis) at 
Mead, Clay Center and North Platte.
2.2. 2007 Field experiments
In 2007, field experiments were conducted as described in We-
gulo et al. (2009). Briefly, seed of winter wheat cv. Millennium 
was planted with a small plot drill in autumn 2006 at the ARDC 
(26 Sep), SCAL (27 Sep), WCREC (17 Sep) and HPAL (13 Sep) 
(Figure 1). Standard agronomic practices for wheat production 
were followed at each location. Seeding rate was 72, 84, 72 and 
50 kg ha−1 at Mead, Clay Center, North Platte and Sidney, respec-
tively. Row spacing was 25.4 cm and plot size was 2.4 m × 2.4 m 
at Mead, Clay Center and North Platte and 1.2 m by 6.7 m at Sid-
ney. At each location, the plots were located within larger fields 
planted with cv. Millennium and measuring at least 2 ha in size.
Inoculum of P. tritici-repentis and B. sorokiniana was provided 
as in 2006 (above). Plots were inoculated with conidia of B. so-
rokiniana at GS 30 (pseudostem erection) and GS 31 (first node 
of stem detectable). Thirty millilitres of inoculum containing 
70,000 conidia ml−1 m−2 were sprayed onto wheat leaves in each 
plot with a hand-pumped back pack sprayer. Natural inoculum 
of P. tritici-repentis, M. graminicola, B. graminis f. sp. tritici, and 
P. triticina was used.
Table 1. Fungicide and fungicide application costs used to calculate net returns from applying fungicides to winter wheat cv. Millennium to control foliar fungal 
diseases at four locationsa in Nebraska, USA in 2006 and 2007. 
2006             2007
Fungicide treatmentb  Fungicide Fungicide treatment  Fungicide  
 Fungicide application   Fungicide application  
 cost ($ ha–1) cost ($ ha–1)  cost ($ ha–1)  cost ($ ha–1) 
Azoxystrobin + propiconazole 16.83 18.19 Azoxystrobin + propiconazole 16.38 18.19 
   GS 31, 0.58 l ha−1      GS 31, 0.51 l ha−1
Azoxystrobin + propiconazole 16.83 18.19 Azoxystrobin + propiconazole 32.76 18.19 
   GS 37, 0.58 l ha−1       GS 31, 1.02 l ha−1
Azoxystrobin + propiconazole  33.66 36.38 Azoxystrobin + propiconazole 32.76 18.19 
   GS 31 (0.58 l ha−1) and GS 37 (0.58 l ha−1)         GS 39, 1.02 l ha−1 
Pyraclostrobin GS 31, 0.58 l ha−1 27.48 18.19 Pyraclostrobin GS 31, 0.44 l ha−1 22.83 18.19
Pyraclostrobin GS 37, 0.58 l ha−1 27.48 18.19 Pyraclostrobin GS 31, 0.66 l ha−1 34.22 18.19
Pyraclostrobin GS 31 (0.58 l ha−1) 54.96 36.38 Pyraclostrobin GS 39, 0.66 l ha−1 34.22 18.19 
    and GS 37 (0.58 l ha−1)  
Propiconazole GS 31, 0.29 l ha−1 24.31 18.19 Propiconazole GS 31, 0.15 l ha−1 13.54 18.19
Propiconazole GS 37, 0.58 l ha−1 48.62 18.19 Propiconazole GS 31, 0.29 l ha−1 27.08 18.19
Propiconazole GS 31 (0.29 l ha−1) 48.62 36.38 Propiconazole GS 39, 0.29 l ha−1 27.08 18.19 
    and GS 37 (0.29 l ha−1)  
Azoxystrobin GS 31, 0.58 l ha−1 35.21 18.19 Azoxystrobin GS 31, 0.29 l ha−1 47.96 18.19
Azoxystrobin GS 37, 0.58 l ha−1 35.21 18.19 Azoxystrobin GS 31, 0.88 l ha−1 58.73 18.19
Azoxystrobin GS 31 (0.58 l ha−1) 70.42 36.38 Azoxystrobin GS 39, 0.88 l ha−1 58.73 18.19 
   and GS 37 (0.58 l/ha)
Trifloxystrobin + propiconazole  25.38  18.19  Trifloxystrobin + propiconazole  28.17  18.19 
   GS 31, 0.73 l ha−1      GS 31, 0.73 l ha−1
Trifloxystrobin + propiconazole  25.38  18.19  Trifloxystrobin + propiconazole  28.17  18.19 
   GS 37, 0.73 l ha−1      GS 39, 0.73 l ha−1
Trifloxystrobin + propiconazole  50.76  36.38  Trifloxystrobin + propiconazole  56.34  36.38 
   GS 31 (0.73 l ha−1) and GS 37 (0.73 l ha−1)       GS 31 (0.73 l ha−1) and GS 39 (0.73 l ha−1)
a Mead, Clay Center, North Platte, and Sidney are located, respectively, in southeastern, south central, west central, and western Nebraska.
b Fungicide (active ingredient/s), Zadoks growth stage (GS, Zadoks et al., 1974), and rate at which the fungicide was applied.
688 W e g u l o ,  Z W i n g m a n ,  B r e a t h n a c h ,  & B a e n Z i g e r  i n  C r o p  p r o t e C t i o n  30  (2011) 
To generate different levels of disease intensity (Wegulo 
et al., 2009), the fungicides azoxystrobin + propiconazole, 
pyraclostrobin, propiconazole, azoxystrobin and trifloxys-
trobin + propiconazole were applied as in 2006. Fungicide rates 
and the growth stages at which fungicides were applied differed 
slightly between 2006 and 2007 (Table 1). Tan spot and spot 
blotch severities (%) were visually estimated together on the fo-
liage of 30 plants at each of three arbitrarily selected sites per 
plot at GS 60 (beginning of anthesis).
2.3. Economic analysis
Fungicide and fungicide application costs used in economic 
analysis (Table 1) were obtained by surveying representatives 
of three chemical companies (BASF Ag Products, Bayer Crop-
Science, and Syngenta Crop Protection), five cooperatives and 
three commercial aerial applicators representing the major 
wheat growing areas in Nebraska. All surveys were conducted 
in 2009 by telephone. Information provided by those surveyed 
was obtained from 2006 and 2007 records. Aerial application 
cost was used. Because aerial fungicide application is by contract 
between the grower and the commercial applicator, machin-
ery and machinery maintenance costs were omitted. Adjuvant 
and surfactant costs were omitted because of the wide vari-
ation in their uses and costs. Average wheat prices used were 
$0.14 kg−1 in 2006 and $0.18 kg−1 in 2007. They were calculated 
from data provided by the United States Department of Agri-
culture (USDA) Agricultural Marketing Service which surveys 
8–12 locations daily in Nebraska. Since there are many ways for 
producers to market their grain, the average local prices during 
thirteen months were used. The months used were August prior 
to crop planting to August following crop harvest in 2005–2006 
and 2006–2007. Net return from fungicide application was cal-
culated as
 
Rn = YiP − (Fc + Ac)
 
where Rn is the net return from fungicide application ($ ha−1); 
Yi is yield increase from fungicide application (kg ha−1), ob-
tained by subtracting the yield in the check treatment from the 
yield in the fungicide treatments; P is the wheat price ($ kg−1); 
Fc is the fungicide cost ($ ha−1) and Ac is the fungicide appli-
cation cost ($ ha−1). Yield increases and net returns presented 
in the results are means computed from replicate data. Due to 
rounding error, using the yield increase mean for a given treat-
ment directly in the equation for net return may result in a net 
return slightly higher or lower than the net return presented in 
the results.
2.4. Data analysis
The GLM procedure of SAS version 9.2 (SAS Institute, Cary, 
NC) was used to analyze data. Because fungicide treatments dif-
fered slightly between 2006 and 2007, data were analyzed sep-
arately for each year. Fisher’s protected least significant dif-
ference (LSD) test at P = 0.05 (Gomez and Gomez, 1984; Steele 
et al., 1997) was used to compare pairs of treatment means. The 
probability of a positive net return was calculated by dividing 
the number of fungicide treatments with a net return greater 
than zero by the total number of treatments.
2.5. Weather data
Daily weather data were provided by the High Plains Re-
gional Climate Center’s Automated Weather Data Network 
(High Plains Regional Climate Center, School of Natural Re-




The winter wheat crop matures earlier in eastern Nebraska (har-
vested in early to mid July) than in western Nebraska (harvested 
in mid to late July). Therefore, the grain filling period extends 
into July in western Nebraka. During the months of May, June, 
and July, the period of active flag leaf growth and grain filling, to-
tal rainfall for the three months was 13.6, 19.2, 19.5 and 10.2 cm at 
Mead, Clay Center, North Platte and Sidney, respectively. Average 
temperature for the three months was 21.8, 22.0, 21.3 and 20.2 °C at 
Mead, Clay Center, North Platte and Sidney, respectively.
Tan spot and spot blotch were observed at all four locations. 
Spot blotch severity was higher in research plots than in the sur-
rounding wheat, implying that inoculation with B. sorokiniana 
was successful. Low levels of powdery mildew were observed 
at Mead and Clay center and low levels of leaf rust were ob-
served at all four locations. Overall, disease severity was very 
low at all locations due to relatively dry weather, ranging from 
1.0% at North Platte to 5.3% at Sidney (Table 2). The F-value for 
disease severity was significant (P = 0.0241) only at Clay Cen-
ter. Yield was generally lower at North Platte and Sidney than 
that at Mead and Clay Center. It ranged from 1579 kg ha−1 at 
Sidney to 5873 kg ha−1 at Clay Center. Differences in yield (and 
therefore yield increase) among treatments occurred at Mead 
(P = 0.0004) and Sidney (P < 0.0001) (Table 2).
Similarly, differences in net return among treatments occurred 
at Mead (P = 0.0026) and Sidney (P < 0.0001). Yield increase was 
negative for most treatments at North Platte and net return was 
negative for all treatments at this location (Table 3). At Sidney, 
two treatments resulted in a negative yield increase whereas six 
treatments resulted in a negative net return. At Mead and Clay 
Center, all treatments resulted in a positive yield increase. How-
ever, a negative net return resulted from one treatment at Mead 
and two treatments at Clay Center. The best net returns were re-
alized at these two locations and resulted from the treatments 
azoxystrobin + propiconazole applied at GS 31 (first node detect-
able) at a rate of 0.58 l ha−1 and azoxystrobin + propiconazole ap-
plied at GS 31 at a rate of 0.58 l ha−1 and again at GS 37 (flag leaf 
just visible) at the same rate. The probability of a positive net re-
turn in 2006 was 0.60. Positive net returns were generally low, 
ranging from $1 ha−1 at Sidney to $172 ha−1 at Mead (Table 3).
3.2. 2007
Disease development at all four locations was favored by 
higher than normal rainfall and two inoculations with conidia 
of B. sorokiniana. In addition to tan spot and spot blotch at all 
four locations, moderate to high levels of Fusarium head blight 
(scab) occurred at Mead and Clay Center and low levels of the 
disease occurred at North Platte. Leaf rust occurred at low lev-
els at all locations and powdery mildew occurred at moderate 
to high levels at Mead and Clay Center. During the months of 
May, June and July, total rainfall for the 3 months was 27.9, 35.3, 
38.5 and 20.8 cm at Mead, Clay Center, North Platte and Sidney, 
respectively. Average temperature for the 3 months was 21.9, 
21.6, 19.8 and 19.6 °C at Mead, Clay Center, North Platte and 
Sidney, respectively.
Disease severity and yield data (Table 4) have been discussed 
in a previous publication (Wegulo et al., 2009). Treatments dif-
fered (P ≤ 0.05) in yield increase and net returns at all four lo-
cations (Table 5). Yield increase and net returns were lowest at 
Clay Center where disease severity was highest (Table 4; Ta-
ble 5) and severe levels of Fusarium head blight (FHB) occurred. 
Yield increase and net returns were generally of similar magni-
tude at Mead, North Platte and Sidney. Yield increase ranged 
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from 622 kg ha−1 at Clay Center to 2056 kg ha−1 at Mead. Net re-
turn ranged from $60 ha−1 at Clay Center to $294 ha−1 at Mead 
and Sidney (Table 5). Treatments that resulted in the best net re-
turns were 1) azoxystrobin + propiconazole applied at GS 39 
(ligule/collar of flag leaf just visible) at a rate of 1.02 l ha−1, 2) 
pyraclostrobin applied at GS 39 at a rate of 0.66 l ha−1, 3) propi-
conazole applied at GS 39 at a rate of 0.29 l ha−1 and 4) trifloxys-
trobin + propiconazole applied at GS 39 at a rate of 0.73 l ha−1. 
Although not always significant at P = 0.05, a GS 39 applica-
tion of a fungicide resulted in a higher net return than a GS 31 
application of the same fungicide at the same rate in 18 out of 
20 comparisons (Table 5). This difference was significant (LSD, 
P = 0.05) in three of four comparisons at Clay Center where dis-
ease severity was highest (Table 4; Table 5).
Table 2. Foliar disease severity and yield from experiments conducted to evaluate efficacy of fungicides in controlling foliar fungal diseases in winter wheat cv. 
Millennium at four locationsa in Nebraska, USA, in 2006. 
Fungicide treatmentb                        Locationa
 Mead  Clay Center North Platte Sidney
 Severityc  Yield Severity  Yield Severity Yield Severity Yield  
 (%) (kg ha−1)  (%) (kg ha−1)  (%) (kg ha−1)  (%) (kg ha−1)
Azoxystrobin + propiconazole GSc 31, 0.58 l ha−1 4.8 3818 ad 1.8 b 5272 1.5 1760 2.8 1579 d
Azoxystrobin + propiconazole GS 37, 0.58 l ha−1 3.8 3345 a–c 1.5 b 4511 1.5 1965 3.3 2231 ab
Azoxystrobin + propiconazole GS 31 (0.58 l ha−1) 2.5 3794 ab 1.3 b 5873 1.8 1949 3.3 2335 ab 
   and GS 37 (0.58 l ha−1)
Pyraclostrobin GS 31, 0.58 l ha−1 2.5 2622 ef 1.8 b 4472 1.5 1999 2.0 2423 ab
Pyraclostrobin GS 37, 0.58 l ha−1 2.8 3029 c–e 1.5 b 4666 1.5 2031 3.0 2433 ab
Pyraclostrobin GS 31 (0.58 l ha−1) 3.5 3232 b–d 1.3 b 4766 1.8 2184 3.0 2424 ab 
   and GS 37 (0.58 l ha−1)
Propiconazole GS 31, 0.29 l ha−1 2.8 2877 c–f 2.5 b 4575 2.3 1797 4.5 2223 ab
Propiconazole GS 37, 0.58 l ha−1 2.5 3112 c–e 1.5 b 4914 2.3 1871 2.8 2113 bc
Propiconazole GS 31 (0.29 l ha−1) 3.0 3094 c–e 1.5 b 4936 1.5 2056 3.5 1732 d 
   and GS 37 (0.29 L/ha)
Azoxystrobin GS 31, 0.58 l ha−1 2.8 2920 c–f 1.5 b 4770 2.0 1939 3.3 2228 ab
Azoxystrobin GS 37, 0.58 l ha−1 3.0 2734 d–f 1.0 b 4721 1.0 1619 2.8 2396 ab
Azoxystrobin GS 31 (0.58 l ha−1) 3.5 3277 a–d 1.5 b 4958 1.8 1866 3.3 2302 ab 
   and GS 37 (0.58 l ha−1)
Trifloxystrobin + propiconazole GS 31, 0.73 l ha−1 4.0 3042 c–e 2.3 b 4955 1.0 1814 5.3 2441 ab
Trifloxystrobin + propiconazole Fk 8, 0.73 l ha−1 3.0 2888 c–f 1.8 b 4597 1.3 1720 2.5 2508 a
Trifloxystrobin + propiconazole  2.5  3285 a–d  2.0 b  5096  2.0  2033  7.0  2362 ab 
   GS 31 (0.73 l ha−1 and GS 37 (0.73 l ha−1)
Check 4.5 2360 f 5.0 a 4207 2.5 1957 5.0 1833 cd
a. Mead, Clay Center, North Platte, and Sidney are located, respectively, in southeastern, south central, west central, and western Nebraska.
b. Fungicide (active ingredient/s), Zadoks growth stage (GS, Zadoks et al., 1974), and rate at which the fungicide was applied.
c. Tan spot and spot blotch severities (%) were visually estimated together on the flag leaf of thirty randomly selected plants per plot at GS 55 (50% of inflorescence 
emerged) at Sidney and GS 60 (beginning of anthesis) at Mead, Clay Center, and North Platte. Low levels of powdery mildew and leaf rust were present at Mead and 
Clay Center, but not at North Platte and Sidney.
d. Means followed by the same letter within a column are not significantly different according to Fisher’s protected least significant difference test at P = 0.05.
Table 3. Yield increase and net returns from experiments conducted to assess economic returns from fungicide application to control foliar fungal diseases in 
winter wheat cv. Millennium at four locations in Nebraska, USA, in 2006. 
Fungicide treatmentb Locationa
 Mead  Clay Center North Platte  Sidney
 Yield Net Yield Net Yield Net Yield Net  
 increase  return increase  return increase  return increase  return  
 (kg ha−1) ($ ha−1) (kg ha−1) ($ ha−1) (kg ha−1) ($ ha−1) (kg ha−1) ($ ha−1) 
Azoxystrobin + propiconazole GS 31, 0.58 l ha−1 1458 ac 172 a 1066 117 −197 −63 −254 d −71 fg
Azoxystrobin + propiconazole GS 37, 0.58 l ha−1 985 a–c 105 a–c 304 8 8 −34 399 ab 22 a–e
Azoxystrobin + propiconazole GS 31 (0.58 l ha−1) 1434 ab 134 ab 1666 167 —8 −71 503 ab 1 a–e 
    and GS 37 (0.58 l ha−1)
Pyraclostrobin GS 31, 0.58 l ha−1 262 ef −8 d 266 −8 42 −40 590 ab 38 a–d
Pyraclostrobin GS 37, 0.58 l ha−1 669 c–e 49 cd 459 20 74 −35 600 ab 40 a–c
Pyraclostrobin GS 31 (0.58 l ha−1) 872 b–d 33 cd 560 −12 227 −59 592 ab −7b–e 
    and GS 37 (0.58 l ha−1)
Propiconazole GS 31, 0.29 l ha−1 517 c–f 31 cd 368 10 −160 −65 390 ab 13 a–e
Propiconazole GS 37, 0.58 l ha−1 752 c–e 40 cd 708 34 −86 −79 281 bc −27 ef
Propiconazole GS 31 (0.29 l ha−1) 734 c–e 19 d 730 19 99 −71 −101 d −99 g 
    and GS 37 (0.29 l ha−1)
Azoxystrobin GS 31, 0.58 l ha−1 561 c–f 26 cd 563 27 −19 −56 395 ab 3 a–e
Azoxystrobin GS 37, 0.58 l ha−1 374 d–f 0 d 515 20 −338 −101 563 ab 27 a–d
Azoxystrobin GS 31 (0.58 l ha−1) 917 a–d 50 cd 752 26 −91 −93 469 ab −14 de 
     and GS 37 (0.58 l/ha)
Trifloxystrobin + propiconazole GS 31, 0.73 l ha−1 682 c–e 53 b–d 748 63 −143 −64 609 ab 43 ab
Trifloxystrobin + propiconazole GS 37, 0.73 l ha−1 528 c–f 31 cd 390 12 −237 −77 676 a 53 a
Trifloxystrobin + propiconazole  926 a–d  44 cd  889  39  76  −76 530 ab −12 c–e 
    GS 31 (0.73 l ha−1) and GS 37 (0.73 l ha−1)
Check 0 f 0 d 0 0 0 0 0 cd 0 a–e
a. Mead, Clay Center, North Platte, and Sidney are located, respectively, in southeastern, south central, west central, and western Nebraska.
b. Fungicide (active ingredient/s), Zadoks growth stage (GS, Zadoks et al., 1974), and rate at which the fungicide was applied.
c. Means followed by the same letter within a column are not significantly different according to Fisher’s protected least significant difference test at P = 0.05.
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Table 5. Yield increase and net returns from experiments conducted to assess economic returns from fungicide application to control foliar fungal diseases in 
winter wheat cv. Millennium at four locations in Nebraska, USA in 2007. 
Fungicide treatmentb Locationa
 Mead  Clay Center North Platte Sidney
 Yield Net Yield Net Yield Net Yield Net  
 increase  return increase  return increase  return increase  return  
 (kg ha−1) ($ ha−1) (kg ha−1) ($ ha−1) (kg ha−1) ($ ha−1) (kg ha−1) ($ ha−1) 
Azoxystrobin + propiconazole GS 31, 0.51 l ha−1 1610 abc 251 ab 765 e–g 101 d–f 764 c 101 b–d 1334 c 202 bc
Azoxystrobin + propiconazole GS 31, 1.02 l ha−1 1413 b 200 ab 624 g 60 g 1189 a–c 160 a–c 1265 c 173 c
Azoxystrobin + propiconazole GS 39, 1.02 l ha−1 1821 ab 272 a 1005 cd 127 c–e 1606 a 234 a 1639 a–c 240 a–c
Pyraclostrobin GS 31, 0.44 l ha−1 1503 ab 226 ab 732 fg 89 fg 1367 a–c 201 ab 1420 bc 211 a–c
Pyraclostrobin GS 31, 0.66 l ha−1 1729 ab 254 ab 951 cd 116 d–f 1342 a–c 186 ab 1457 a–c 206 bc
Pyraclostrobin GS 39, 0.66 l ha−1 1794 ab 266 a 1283 a 175 ab 1615 a 234 a 1647 a–c 240 a–c
Propiconazole GS 31, 0.15 l ha−1 1368 b 211 ab 1003 cd 146 bc 1275 a–c 194 ab 1273 c 194 bc
Propiconazole GS 31, 0.29 l ha−1 1619 ab 242 ab 865 d–f 108 d–f 1147 a–c 158 a–c 1286 c 183 c
Propiconazole GS 39, 0.29 l ha−1 1910 ab 294 a 1281 a 182 a 1388 ab 201 ab 1822 ab 278 ab
Azoxystrobin GS 31, 0.29 l ha−1 1601 ab 218 ab 710 fg 60 g 770 c 70 cd 1565 a–c 211 a–c
Azoxystrobin GS 31, 0.88 l ha−1 1549 ab 198 ab 990 cd 99 ef 1086 a–c 116 bc 1704 a–c 225 a–c
Azoxystrobin GS 39, 0.88 l ha−1 1358 b 164 ab 1097 bc 118 c–e 1520 a 193 ab 1745 a–c 233 a–c
Trifloxystrobin + propiconazole Z 31, 0.73 l ha−1 1347 b 193 ab 622 g 64 g 1111 a–c 151 a–c 1545 a–c 228 a–c
Trifloxystrobin + propiconazole GS 39, 0.73 l ha−1 1783 ab 270 a 901 de 113 d–f 800 bc 96 b–d 1916 a 294 a
Trifloxystrobin + propiconazole GS 31 (0.73 l ha−1) 2056 a 272 a 1255 ab 130 cd 1190 a–c 118 bc 1711 a–c 211 a–c 
     and GS 39 (0.73 l ha−1)
Check 0 c 0 c 0 h 0 h 0 d 0 d 0 d 0 d
a. Mead, Clay Center, North Platte, and Sidney are located, respectively, in southeastern, south central, west central, and western Nebraska.
b. Fungicide (active ingredient/s), Zadoks growth stage (GS, Zadoks et al., 1974), and rate at which the fungicide was applied.
c. Means followed by the same letter within a column are not significantly different according to Fisher’s protected least significant difference test at P = 0.05.
3.3. Effect of location on net returns and probability of a posi-
tive net return
The effect of location was highly significant in both years 
(P < 0.0001, Table 6) whereas the effect of location by fungicide 
treatment interaction was not significant at the 5% probability 
level (P > 0.05). Overall, yield increase and therefore net returns 
in 2007 were much higher than in 2006. The probability of a posi-
tive net return was 1.00 in 2007, that is, all fungicide treatments at 
all four locations were profitable, compared to 0.60 in 2006. Over 
Table 4. Foliar disease severity and yield from experiments conducted to evaluate efficacy of fungicides in controlling foliar fungal diseases in winter wheat cv. 
Millennium at four locations in Nebraska, USA, in 2007.a 
Fungicide treatmentb Locationa
 Mead  Clay Center North Platte Sidney
 Severityc  Yield Severity  Yield Severity Yield Severity Yield  
 (%) (kg ha−1)  (%) (kg ha−1)  (%) (kg ha−1)  (%) (kg ha−1)
Azoxystrobin + propiconazole GSd 31, 0.51 l ha−1 21.4 bce 4464 ab 57.9 b–e 4195 e–g 20.5 ab 3895 c 18.5 bc 5072 c
Azoxystrobin + propiconazole GS 31, 1.02 l ha−1 17.3 b–d 4267 b 56.3 b–e 4054 g 13.3 b–d 4320 a–c 13.2 b–d 5003 c
Azoxystrobin + propiconazole GS 39, 1.02 l ha−1 23.2 bc 4675 ab 46.8 e–i 4435 cd 8.0 de 4737 a 8.7 cd 5377 a–c
Pyraclostrobin GS 31, 0.44 l ha−1 15.6 cd 4357 ab 61.8 bc 4162 fg 9.0 de 4498 a–c 8.4 cd 5158 bc
Pyraclostrobin GS 31, 0.66 l ha−1 9.0 d 4583 ab 40.0 g–i 4381 cd 7.4 de 4473 a–c 9.7 cd 5195 a–c
Pyraclostrobin GS 39, 0.66 l ha−1 19.3 bc 4648 ab 36.0 hi 4713 a 5.2 de 4746 a 6.3 d 5385 a–c
Propiconazole GS 31, 0.15 l ha−1 20.8 bc 4222 b 53.3 c–e 4433 cd 8.6 c–e 4406 a–c 12.9 b–d 5011 c
Propiconazole GS 31, 0.29 l ha−1 19.9 bc 4473 ab 53.5 c–f 4295 d–f 10.8 c–e 4278 a–c 21.3 b 5024 c
Propiconazole GS 39, 0.29 l ha−1 23.5 bc 4764 ab 34.4 ij 4711 a 7.8 de 4519 ab 15.3 b–d 5560 ab
Azoxystrobin GS 31, 0.29 l ha−1 22.7 bc 4455 ab 60.7 b–d 4140 fg 16.5 bc 3901 c 12.4 b–d 5303 a–c
Azoxystrobin GS 31, 0.88 l ha−1 17.0 b–d 4403 ab 51.3 c–g 4420 cd 9.8 c–e 4217 a–c 6.2 d 5442 a–c
Azoxystrobin GS 39, 0.88 l ha−1 24.0 bc 4212 b 41.3 f–i 4527 bc 4.9 e 4651 a 10.5 b–d 5483 a–c
Trifloxystrobin + propiconazole GS 31, 0.73 l ha−1 24.8 b 4201 b 68.7 b 4052 g 10.9 c–d 4242 a–c 8.2 cd 5283 a–c
Trifloxystrobin + propiconazole GS 39, 0.73 l ha−1 21.9 bc 4637 ab 48.7 d–h 4331 de 12.9 c–e 3931 bc 5.5 d 5654 a
Trifloxystrobin + propiconazole GS 31 (0.73 l ha−1) 9.9 d 4910 a 21.8 j 4685 ab 12.0 c–e 4321 a–c 9.4 cd 5449 a–c 
    and GS 39 (0.73 L/ha)
Check 52.1 a 2854 c 89.4 a 3430 h 28.0 a 3131 d 64.9 a 3738 d
a This table is part of a larger, previously published table (Wegulo et al., 2009).
b Mead, Clay Center, North Platte, and Sidney are located, respectively, in southeastern, south central, west central, and western Nebraska.
c Fungicide (active ingredient/s), Zadoks growth stage (GS, Zadoks et al., 1974), and rate at which the fungicide was applied.
d Tan spot and spot blotch severities (%) were visually estimated together on the flag leaf of thirty randomly selected plants per plot at GS 60 (beginning of an-
thesis) at each location. Other diseases present were Fusarium head blight (scab) at Mead, Clay Center, and North Platte; low levels of leaf rust (cv. Millennium 
has excellent resistance to leaf rust); and moderate levels of powdery mildew at Mead and Clay Center. Very low levels of leaf rust were present at North 
Platte and Sidney.
e Means followed by the same letter within a column are not significantly different according to Fisher’s protected least significant difference test at P = 0.05.















the two years, the probability of a positive net return was 0.80. 
Averaged over fungicide treatments, net returns in 2007 were 
$235, $112, $161 and $222 ha−1 at Mead, Clay Center, North Platte 
and Sidney, respectively compared to $52, $36, $−66 and $1 ha−1 
at Mead, Clay Center, North Platte and Sidney, respectively. Net 
returns were at least two times the total cost ($2 return on $1 in-
vestment) in 4 out of 60 or 6.7% of treatments in 2006 and 51 out 
of 60 or 85% of treatments in 2007 (data not shown).
4. Discussion
Results from assessment of economic returns in this study in-
dicate that fungicide application for foliar fungal disease con-
trol in winter wheat can be profitable. However, this profitabil-
ity can be variable as evidenced by the lower profitability in 
2006 compared to 2007 (Table 3; Table 5). An economic evalua-
tion of fungicide use in winter wheat in Sweden during the pe-
riod from 1983 to 2007, based on results from fungicide trials in 
farmers’ fields, similarly showed variability in net returns from 
year to year (Wiik and Rosenqvist, 2010). In this study, the lower 
profitability in 2006 can be attributed to dry weather which re-
sulted in low disease levels. In Wisconsin, USA, Guy et al. (1989) 
similarly found that economic returns from fungicide applica-
tion were higher in an environment with cool, moist weather 
which favored disease (leaf rust and Septoria tritici blotch) de-
velopment compared to environments with warmer, dryer con-
ditions which resulted in less disease. The results from this 
study and the study of Guy et al. (1989) indicate that the proba-
bility of a positive net return is higher when environmental con-
ditions during the growing season favor development of moder-
ate to severe levels of disease.
In addition to environmental conditions and, therefore, the 
level of disease intensity during the growing season, several fac-
tors can affect the profitability of wheat disease control with 
fungicides. These factors include cultural practices, cultivar re-
sistance, fungicide application timing, fungicide and fungicide 
application costs and the price of wheat (Carlson and Main, 
1976; Ordish and Dufour, 1969). In general, when factors that 
significantly reduce disease levels, such as unfavorable environ-
mental conditions and resistant cultivars prevail, the probability 
of a positive net return from fungicide application is reduced.
The market price of wheat can markedly influence the prof-
itability of applying fungicides to control foliar fungal diseases 
in wheat. Wiik and Rosenqvist (2010) found that doubling and 
tripling the grain price of winter wheat had the highest impact 
on the net return from fungicide application, followed by in-
creasing fungicide cost. Wegulo (2010) compared the effects of 
wheat price and fungicide treatment cost (fungicide cost + ap-
plication cost) on net return under varying scenarios of expected 
yield increase from fungicide application. At an expected yield 
increase of 1513 kg ha−1 representing 30% of the yield potential 
and a fungicide treatment cost of $49 ha−1, the net return was 
$227 ha−1 at a wheat price of $0.18 kg−1 compared to $395 ha−1 
at a wheat price of $0.29 kg−1. Changing the treatment cost from 
$49 ha−1 to $62 ha−1 yielded a net return of $216 ha−1 at a wheat 
price of $0.18 kg−1 compared to $383 ha−1 at a wheat price of 
$0.29 kg−1. Therefore, although the change in wheat price was 
much smaller than the change in fungicide treatment cost, it had 
a much larger effect on net return than the change in fungicide 
treatment cost. This implies that even in a year with moderate to 
high disease levels, low wheat prices may negate the profitabil-
ity of fungicide application.
The net returns from fungicide application to winter wheat 
in this study ($−101 to $294 ha−1) are similar to those reported 
in other studies. In Brazil, Picinini et al. (1996) reported an aver-
age net return of US$161.94 ha−1 from applying propiconazole 
to control powdery mildew, leaf rust, glume blotch (Leptosphae-
ria nodorum (anamorph: Stagonospora nodorum)) and tan spot. In 
Sweden, Wiik and Rosenqvist (2010) reported an average net re-
turn of $16 ha−1 from an economic evaluation of fungicide use 
in winter wheat over a period of 25 years. In Germany, Zschaler 
and Enzian (1997) compared 3000 pairs of winter wheat fungi-
cide treatments (treated and non-treated). They found net re-
turns ranging from $51 to $102 ha−1.
Despite the low disease severity in 2006 (Table 2), there still 
were yield increases from all fungicide treatments at Mead and 
Clay Center and some fungicide treatments at North Platte and 
Sidney (Table 3). Previous studies have similarly found yield in-
creases from fungicide treatments under conditions of low dis-
ease intensity. In the United Kingdom, Jones (1994) reported 
yield increases in winter wheat at many sites with a low inci-
dence of eyespot (Pseudocercosporella herpotrichoides) when pro-
chloraz and other fungicides were applied to control the disease. 
In Wisconsin, USA, Guy et al. (1989) also found disease reduc-
tion and yield increases in winter wheat in environments with 
dry conditions and low disease intensity when fungicides were 
applied to control foliar diseases. It should be noted, however, 
that in this study the majority of the yield increases in 2006 were 
small and some of them resulted in negative net returns, espe-
cially at North Platte and Sidney.
The highly significant (P < 0.0001) effect of location on net 
returns (Table 6) in 2006 and 2007 implies that environment 
played a role in the magnitude of net returns realized. The four 
locations are widely separated by distance (613 km between 
Mead and Sidney) and elevation (Figure 1) and differ signifi-
cantly in average annual rainfall (86, 71, 50 and 48 cm annual 
rainfall at Mead, Clay Center, North Platte and Sidney, respec-
tively) (High Plains Regional Climate Center, School of Natural 
Resources, University of Nebraska–Lincoln, Lincoln, Nebraska, 
USA). The effect of treatment on net returns was barely signif-
icant (P = 0.0538) in 2006, but highly significant (P < 0.0001) in 
2007 (Table 6). This can be attributed to low disease intensity in 
2006 compared to moderate to high disease intensity in 2007. 
Location by fungicide treatment interaction was not significant 
in both years, implying that fungicide performance was similar 
at the four locations.
Net returns were at least two times the total cost ($2 return 
on $1 investment) in 4 out of 60 or 6.7% of treatments in 2006 
and 51 out of 60 or 85% of treatments in 2007 (data not shown). 
Growers usually would like to see a return of at least $2 on ev-
ery $1 invested. In 2007 when disease intensity was moderate 
to high, causing significant losses in untreated plots, returns of 
up to $7 for every $1 invested were realized from fungicide ap-
plication (data not shown). Net returns for some growers who 
spray routinely every year regardless of the level of disease in-
tensity may be less than $2 on every $1 invested or even nega-
tive in years with little or no disease.
It is noteworthy to mention that given similar environmental 
conditions, fungicide and fungicide application costs and wheat 
prices, the actual net returns from fungicide application real-
Table 6. Location and fungicide treatment effects on net returns from fun-
gicide application to control foliar fungal diseases in winter wheat cv. Millen-
nium in Nebraska, 2006–2007. 
Source of variation    d.f.                     2006                               2007
  Mean square P > F Mean square P > F
Location (Loc) 3 153,598 <0.0001 181887 <0.0001
Reps (Loc) 12 43,440 <0.0001 40,688 <0.0001
Treatment (Trt) 15 7994 0.0538 45,423 <0.0001
Loc*Trt 45 6512 0.0702 4796 0.1247
Pooled error 180 4697  3718 
Total 255
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ized by a grower may differ from those reported in this study 
depending on several factors. These factors include the specific 
diseases present during the growing season, efficacy of the fun-
gicide applied in controlling each of these diseases, and the level 
of resistance/susceptibility of the cultivar planted to each of the 
diseases. In this study, only one winter wheat cultivar was used 
and several diseases in addition to tan spot and spot blotch oc-
curred in 2007 which likely contributed to the variation in net 
returns among locations. Notable among these is Fusarium head 
blight (FHB) which was most severe at Clay Center in 2007 and 
likely contributed to the low net returns in that location com-
pared to Mead, North Platte and Sidney. All fungicides were 
applied before spike emergence and therefore had no effect on 
FHB. In addition, plots were inoculated with B. sorokiniana, and 
this may have resulted in higher disease intensity and hence 
lower fungicide efficacy than what would occur in a grower’s 
field. Because only aerial application cost (and not ground appli-
cation cost) was used and adjuvant/surfactant, machinery and 
machinery maintenance costs were omitted, the total costs used 
in the economic analysis in this study were underestimated, 
which may have caused the net returns to be higher than what 
would be realized by a grower.
In 2007 (moderate to high disease severity), a GS 39 fungicide 
application generally resulted in a higher net return than a GS 
31 application of the same fungicide at the same rate. This was 
most likely due to the fact that a GS 39 application protected the 
flag leaf which contributes significantly to grain fill (Ali et al., 
2010; Rawson et al., 1983). The residual fungicide activity from 
an earlier application at GS 31 would have waned by GS 39 and 
therefore would not have offered the same level of protection to 
the flag leaf as a GS 39 application. For this reason, the recom-
mended timing of a fungicide application to winter wheat for 
control of foliar fungal diseases in Nebraska is between GS 39 
and GS 59.
In conclusion, this and other studies have shown that fungi-
cide application to control foliar fungal diseases in winter wheat 
can be profitable. However, profitability is dependent on many 
factors, including weather conditions favorable to disease de-
velopment, the specific diseases present, the level of disease in-
tensity, efficacy of the fungicide applied in controlling each spe-
cific disease, fungicide and fungicide application costs and rates, 
fungicide application timing, cultivar resistance, cultural prac-
tices and the price of wheat. In years with low disease intensity, 
fungicide application can result in a net loss. All these factors 
should be considered when making the decision to spray.
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